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ABSTRACT
In the SSA22 field which exhibits a large-scale proto-cluster at z = 3.1, we carried out
a spectroscopic survey for Lyman Break Galaxies (LBGs) with the VLT/VIMOS and
identified 78 confident LBGs at z = 2.5–4. We stacked their spectra in the observer’s
frame by using a sophisticated method. Analyzing the composite spectrum, we have
revealed that the large-scale proto-cluster at z = 3.1 has a strong H i absorption dip of
rest-frame equivalent width of−1.7 A˚. Another strong absorption dip found at z = 3.28
is associated with a modestly high-density LBG peak, similar to that at z = 3.1. We
have also detected an H i transparency peak at z = 2.98 in the composite spectrum,
coincident with a void in the LBG distribution. In this paper, we also investigated the
relation between LBGs, H i gas and AGNs at z = 3–4 in the SSA22 field. Two AGNs
at z = 3.353 and 3.801 are, respectively, associated with the LBG concentration of an
overdensity factor δLBG ≃ 2 in the present statistics. Another structure at z = 3.453
is remarkable: 20 comoving Mpc scale dense H i gas which is not associated with any
apparent LBG overdensity but involving a pair of AGNs. Such structure may be a new
type of the AGN-matter correlation. If the inhomogeneous structures over a comoving
Gpc scale found in this paper are confirmed with sufficient statistics in the future, the
SSA22 field will become a key region to test the standard cold dark matter structure
formation scenario.
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1 INTRODUCTION
Regions showing galaxy concentration at high redshift are
important places to study formation and evolution of galax-
ies as well as cosmological structures. Among them, the
proto-cluster (PC) at z = 3.1 in the SSA22 field, initially
discovered by Steidel et al. (1998) can be called “a treasure
island” of the Universe. In 1998, they found out a number
density peak of Lyman Break Galaxies (LBGs) with the
overdensity of δ ∼ 5 at z = 3.1, and their narrow-band
(NB) imaging survey for the peak in 2000 detected 72 Lyα
emitters (LAEs) as well as two gigantic Lyα emitting objects
so-called Lyα blobs (LABs) together with about a dozen of
Lyα absorbers (LAAs) in their 9′ × 9′ survey field, SSA22a
(Steidel et al. 2000).
Following this, a deep NB imaging survey was car-
ried out in 2002 in a field centered on the PC, SSA22a
with Subaru Suprime-Cam (S-Cam) having a wide field of
view (FoV) of 35′ × 27′ to see the environment of the PC
(Hayashino et al. 2004). We call the survey area SSA22 Sb1
or simply Sb1 in this paper. As a result, 283 highly confi-
dent LAEs exhibiting a belt-like large-scale structure were
found, i.e., it is revealed that the PC by Steidel et al. is not
isolated in high-redshift space, but a part of the much larger
structure. Interestingly, “the belt” extends to the edge of the
field of view, being 60 or more comoving Mpc long. In this
survey, around 30 LABs (Matsuda et al. 2004) and LAAs
(Hayashino et al. 2004) are found in the belt-like structure
besides LAEs and LBGs. Here LABs are expected to be a
progenitor of massive galaxies in the present Universe (e.g.,
Uchimoto et al. 2012). Thus, the belt-like large-scale struc-
ture found in the Sb1 field is like a factory producing various
kinds of galaxies in the young Universe and can be called the
“large-scale proto-cluster (LSPC)”. “The belt” would evolve
to a filament of the present-day large-scale structure and the
PC discovered by Steidel et al. would collapse to a massive
cluster of galaxies at present (e.g., Topping et al. 2018). Ob-
jects in the structure of Sb1 characterized by Lyα emission
or absorption have also been investigated so far in various
wavelengths from sub-mm to X-ray.
In succession, a panoramic NB imaging survey was per-
formed to reveal the entire extent of the structure seen in
Sb1 as an Intensive Program of Subaru telescope in 2005
(Yamada et al. 2012a). The area of 7 S-Cam FoVs around
the SSA22-Sb1 was observed in the panoramic survey of
200Mpc×100Mpc in comoving scale. In the survey, around
1400 LAEs and 100 LABs were detected. This survey re-
veals farther lateral extension of the LSPC. A wide sky map
of the LAEs is displayed in Yamada et al. (2012a). By the
stacking analysis of Lyα images in high statistics from the
panoramic survey, Matsuda et al. (2012) have found that
LAEs have large Lyα emitting halos extended to 60 proper
kpc showing an interesting dependence, i.e., larger halos for
higher LAE local density in Mpc scales. The correlation be-
tween the Lyα halo size of individual objects and their Mpc
scale environment is indeed remarkable, implying interac-
tions of these galaxies with neutral hydrogen atoms in that
scale probably controlled by the dark matter gravitation,
and suggesting the importance of studies on H i gas in the
LSPC. Also, by stacking Lyα images of LBGs in their large
sample, Steidel et al. (2011) confirmed extended Lyα halos
around LBGs, which had been first detected in naive form
in the SSA22 PC at z = 3.1 by Hayashino et al. (2004).
In the panoramic survey area of the 200Mpc×100Mpc
comoving scale, the PC found by Steidel et al. (1998) in
Sb1 is still the highest density peak and two LABs dis-
covered by them are the biggest two of all LABs found in
the panoramic field. So, the Sb1 field including the origi-
nal PC would be the most important region to be inten-
sively studied. Indeed, successive spectroscopic observations
of LBGs, LAEs and LABs in Sb1 have been performed
(Matsuda et al. 2005, 2006; Kousai 2011; Yamada et al.
2012b; Saez et al. 2015; Topping, Shapley & Steidel 2016)
and the three-dimensional structure of “the belt” and the
PC have been discussed (Matsuda et al. 2005; Kousai 2011;
Topping et al. 2018).
It is fundamentally important to measure H i abundance
of such structure to understand galaxy formation in a PC
with high galaxy density, because many kinds of objects in
the structure characterized by strong Lyα emission and/or
absorption form and evolve by using neutral hydrogen that
may be supplied from the structure. From this viewpoint, a
dense H i region associated with a high LBG density peak at
z = 2.895 recently discovered by Cucciati et al. (2014) in the
COSMOS field in the VIMOS Ultra-Deep Survey (VUDS)
is noteworthy. While Cucciati et al. (2014) only probed H i
at the PC redshift, the Wiener-filtered tomographic survey
in the COSMOS field by Lee et al. (2014a,b, 2016, 2018)
presents interesting and impressive results on the correlation
of the three-dimensional LBG distribution and H i absorp-
tion map on comoving Mpc scales in a wide redshift range
of 2.0 < z < 2.6.
In 2008, we performed yet another spectroscopic survey
with VLT/VIMOS, hereafter VI08, having a wide field of
view, to reveal LBG distribution in foreground and back-
ground of the z = 3.1 LSPC. Namely, we tried a longitu-
dinal, i.e., line-of-sight, extension of the survey region from
the narrow redshift range of z = 3.06–3.12 sliced by the NB
filter for LAEs to a wider redshift range around z = 3 se-
lected by the U-dropout method for LBGs. As we will see in
this paper, the VI08 survey has revealed 30 or more LBGs
behind the LSPC at z = 3.1. These LBGs should have im-
portant information on H i of the LSPC in their spectra.
Here, LBGs are not as bright as QSO/AGNs but they have
a higher comoving density. So, the individual LBG spectrum
may be noisy to obtain significant information on LSPC H i.
However, if we stack these spectra in the observer’s frame to
improve a signal to noise ratio (S/N), information on H i gas
in the LSPC imprinted will appear. Also, the stacked spec-
trum would reveal H i gas distribution in foreground and
background of the LSPC, which we present in this paper.
As a companion analysis, we have also tried to map the
H i absorption distribution at the PC redshift z = 3.1 by
using our deep NB imaging data with higher S/N than the
individual spectra of the VI08 survey, which is reported in
Mawatari et al. (2017). In the NB photometric data of galax-
ies behind the z = 3.1 PC, information on H i absorption
is imprinted in the spectra. This method is especially very
effective to study absorption with the similar wavelength
widths as the NB filter and to depict the two-dimensional
map of H i gas. Interestingly, an H i absorption excess is
observed throughout the Sb1 area corresponding to a size
larger than 50 comoving Mpc (Mawatari et al. 2017).
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Also, in the SSA22 field, Sb1, around 10 AGNs are
already detected at redshifts between z = 3 and 4 in
the precedent studies (Lehmer et al. 2009; Saez et al. 2015;
Micheva, Iwata, & Inoue 2017). Therefore, we are able to
investigate H i and LBG distributions as well as their con-
nection with the AGNs in these redshifts, which is another
theme presented in this paper.
The following is the structure of this paper; in the next
section, we describe the imaging and spectroscopic data of
LBGs in the SSA22-Sb1 field. In section 3, we present the
method of the observer’s frame composite to examine H i
with high S/N. In section 4, we show the results obtained
from the observer’s frame composite analysis and investigate
a correlation between the LBG distribution and H i absorp-
tion. In section 5, we consider the over-density mass and
the appearance probability of the LSPC at z = 3.1 as well
as characteristic surroundings showing H i transparency. In
section 6, we discuss inhomogeneous distributions of LBGs
associated with AGNs at z = 3–4 and present a dense H i
region involving a pair AGN. The final section is devoted
to our conclusions. In appendix, we present a catalog of the
VI08 LBGs. We assume the flat Universe with cosmologi-
cal parameters of H0 = 70 kms
−1Mpc−1, Ωm = 0.3, and
ΩΛ = 0.7. The magnitude unit throughout this paper is the
AB system.
2 SAMPLE OF LYMAN BREAK GALAXIES
2.1 Photometric data and color selection
The photometric data we used are B, V , Rc, i
′, and z′-
band imaging taken with Subaru/S-Cam (Miyazaki et al.
2002) and u∗ band imaging taken with Canada-France-
Hawaii Telescope (CFHT)/Megacam (Boulade et al. 2003).
The observations and data reduction for the S-Cam data
are described in Hayashino et al. (2004). The Megacam data
was downloaded from the CFHT archive and reduced by a
standard manner described in Kousai (2011) and references
therein. The 1-σ limiting magnitudes in each band are 27.8
(u∗), 28.2 (B), 28.2 (V ), 28.3 (Rc), 27.9 (i
′), and 27.2 (z′)
for a 2′′ diameter aperture. We selected LBGs from objects
detected in Rc by the following color selection criteria sim-
ilar to those adopted in literature (e.g., Steidel et al. 1995;
Yoshida et al. 2008):
(i) 23.9 ≤ Rc ≤ 25.4
(ii) (U − V )− 1.8(V −Rc) ≥ 1.1
(iii) Rc − i
′ ≤ 0.3
The faint magnitude limit of the criterion (i) is determined
to select LBGs bright enough to detect their continuum in
the follow-up spectroscopy.
2.2 Spectroscopic data and redshift determination
We performed spectroscopy for the selected LBGs with
Visible Multi-Object Spectrograph (VIMOS; Le Fe`vre et al.
2003) on Very Large Telescope (VLT) under the program
ID of 081.A-0081(A) (PI: A. K. Inoue). We used the LR-
Blue/OS-Blue setting where the spectral resolving power
R = λ/∆λ ≃ 180 and the pixel scale is 5.3 A˚/pix. With
VIMOS, we can observe 4 quadrants with about 2 arcmin
separation simultaneously in one pointing, for a total FoV of
about 14×16 arcmin2 in each pointing. We observed 2 point-
ings whose coordinates, observed month, exposure time, and
seeing are listed in Table 1. We had 623 LBGs satisfying the
selection criteria described above in the two FoVs, out of
which we observed 163 objects. We avoided galaxies which
had spectroscopic redshifts previously obtained. This would
cause a bias in the galaxy selection, but we did not correct
it in the expected redshift distribution described in the next
subsection.
The data reduction was done with the VIMOS pipeline
recipes1 and the NOAO/IRAF2. We used the pipeline soft-
ware only to make bias and flat frames. Other steps were
done with IRAF through the standard manner (see Kousai
2011 in detail). During the data reduction, we found that the
data quality in a quadrant of FoV-1 was very low because
there was no object in a half of the images obtained from
this quadrant. This might be caused by a displacement of
the slit mask for the quadrant in observations. We decided
to discard this quadrant unfortunately.
To produce the one-dimensional spectrum of each LBG,
we extracted spatially 4 pixels tracing the object continuum
from the background subtracted and median coadded two-
dimensional spectral image, and summed them up. Given
the spatial pixel scale of 0.205′′/pix, the extracted spatial
scale is 0.82 arcsec which was chosen to maximize the S/N
ratio for the continuum rather than to collect the total flux
of the objects.
We have determined Lyα emission/absorption and
metal absorption redshifts (zLyα and zmetal) of the LBGs
by eye after applying a 5-pix box-car smoothing to the one-
dimensional spectra. The 5-pix almost corresponds to the
spectral resolution of the VIMOS LR-Blue setting with R =
180 and 5.3 A˚/pix. The spectral features which we searched
for were Lyα emission/absorption (1215.67 A˚ in the source
rest-frame), Lyβ (1025.72 A˚) and Lyγ (972.54 A˚) absorption
lines, Si ii (1260.42 A˚), O i (1302.17 A˚), Si ii (1304.37 A˚), C ii
(1334.53 A˚), Si iv (1393.76 and 1402.77 A˚), Si ii (1526.71 A˚),
C iv (1548.20 and 1550.78 A˚), Fe ii (1608.45 A˚), and Al ii
(1670.79 A˚) absorption lines, and He ii (1640.4 A˚) emission.
We also searched [O ii] (3727.5 A˚), Hβ (4861.3 A˚), [O iii]
(4958.9 and 5006.8 A˚), and Hα (6562.8 A˚) emission lines as
a signature of low redshift contamination.
We have classified the redshifts into four categories: Ae
(clear Lyα emission is identified), Aa (clear Lyα absorption
and several clear metal absorption lines are identified), B
(Lyα absorption and a few metal absorption lines are identi-
fied), and C (possible Lyα emission/absorption and/or pos-
sible metal absorption are identified). Figure 1 shows exam-
ple spectra of the four categories. The resultant numbers of
z ∼ 3 LBGs are summarized in Table 2.
According to Adelberger et al. (2005), the redshift of
the Lyα emission line is slightly redshifted compared to
those of the nebular emission lines in the rest-frame opti-
cal which are more reliable as the systemic redshifts. On the
other hand, the redshifts of the metal absorption lines are
slightly blueshifted compared to those of the optical nebular
lines. Then, we adopt the calibration formulae proposed by
1 http://www.eso.org/sci/software/pipelines/vimos/
2 http://iraf.noao.edu/
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Table 1. Summary of VIMOS observations for the SSA22 field.
RA (J2000) DEC (J2000) Observations Exposure time (s) Seeing (arcsec) Remark
FoV-1 22:17:31.9 +00:24:29.7 July–October 2008 14,080 0.32–1.93 Loss of quadrant #2
FoV-2 22:17:39.1 +00:11:00.7 August–October 2008 14,080 0.48–1.37
Figure 1. Example one-dimensional spectra of the four redshift
categories. The thick solid and thin dotted lines are the object
spectra with and without a 5-pix box-car smoothing, respectively.
The thin solid lines are the root-mean-square spectra of the sky-
subtracted background. The vertical dot-dashed lines show the
wavelengths of some emission/absorption lines and the Lyman
limit (LL). (a) Ae: clear Lyα emission is identified, (b) Aa: clear
Lyα absorption and several clear metal absorption lines are iden-
tified, (c) B: Lyα absorption and a few metal absorption lines are
identified, and (d) C: possible Lyα emission/absorption and/or
possible metal absorption are identified.
Adelberger et al. (2005) to estimate the systemic redshifts
of the LBGs. For LBGs with the Lyα emission line, we adopt
zsys = zLyα − 0.0033 − 0.0050(zLyα − 2.7) , (1)
and for LBGs without the Lyα emission line, we adopt
zsys = zmetal + 0.0022 + 0.0015(zmetal − 2.7) . (2)
The uncertainties of zLyα and zmetal are ≈ 0.005 estimated
from the wavelength pixel scale of 5.3 A˚/pix. The uncertain-
ties of equations (1) and (2) are ≈ 0.003 (Adelberger et al.
2005). If we take the summation in quadrature, the un-
certainty of zsys is ≈ 0.006. Although there are updates
of these formulae, for example, by Steidel et al. (2010) and
Turner et al. (2014), the accuracy of the redshifts in equa-
tions (1) and (2) is sufficient for our analysis because we
make a composite in the observer’s rest-frame not in the
galaxies’ rest-frame.
Table 2. Summary of VIMOS redshift survey results
in the SSA22 field.
Area (arcmin2) 322
Ncand
a 623
Nspecb 163
NAe
c 39
NAa
c 18
NB
c 21
NC
c 21
a Number of the photometric LBG candidates.
b Number of the objects observed in the spectroscopy.
c Number of the objects classified into each category.
Figure 2. Spectroscopic redshift distributions of LBGs by (a) the
VIMOS survey in 2008 and (b) Steidel et al. (2003). For the VI-
MOS survey, we show the different redshift categories (i.e., quali-
ties) by different colors as indicated in the panel. The dashed lines
are the expected distributions in each survey assuming a uniform
distribution of galaxies.
2.3 Redshift distribution of the LBGs
The redshift distribution of the LBGs in our survey is shown
in the top panel of Figure 2, while that of the survey of
Steidel et al. (2003) in the same field is shown in the bot-
tom panel of the figure. We find several redshift spikes
in these distributions. In particular, the strongest peak is
z = 3.1. This is the redshift of the huge overdensity of
galaxies previously known in this field (Steidel et al. 1998,
2000; Hayashino et al. 2004; Matsuda et al. 2004, 2005;
Yamada et al. 2012a; Saez et al. 2015; Topping et al. 2018).
In the top panel, we also show the expected number
distribution from our photometric selection criteria if the
galaxies were distributed uniformly in the Universe. The ex-
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pected number of galaxies at the redshift between z and
z +∆z is given by
Nexp(z) =
∫ Mmax
Mmin
φ(M)
∫ z+∆z
z
C(z′,M)
dV
dz
(z′) dz′ dM ,
(3)
where φ(M) is the number density of LBGs with the abso-
lute magnitudeM (i.e., luminosity function) , C(z,M) is the
selection efficiency for an object withM at z (i.e., complete-
ness), and dV/dz(z) is the volume element. We assume the
luminosity function of z ∼ 3 LBGs reported by Steidel et al.
(1999) for φ(M). The integration boundaries are set to be
Mmin = −24.0 and Mmax = −17.0 which do not affect the
result very much because the magnitude limit described in
section 2.1 is included in C(z,M).
To obtain C(z,M), we have performed a Monte-Carlo
simulation of our color selection. First, we generated a large
number of mock galaxies having z, M , and a spectrum.
For the spectrum, we prepared 4 types depending on the
Lyα strength as reported by Steidel et al. (2003). These
four spectra were produced based on the population syn-
thesis model GALAXEV (Bruzual & Charlot 2003) to ex-
tend shorter and longer wavelengths than those observed by
Steidel et al. (2003). We then applied a mean IGM transmis-
sion by Inoue et al. (2005). Second, we calculated apparent
magnitudes from u∗ to z′ of the mock galaxies based on their
spectra, redshift z, andM . Then, we randomly added Gaus-
sian errors based on the limiting magnitude in each band to
the apparent magnitudes. In this step, we mixed the 4 types
of spectra with an equal weight. Finally, we applied the color
(and magnitude) selection to them and counted the number
fraction selected as a function of (z, M).
Since we did not observe all galaxies satisfying the color
selection and could measure redshifts for only a part of the
observed galaxies, we cannot compare the expected number
of galaxies in equation (3) with the obtained redshift distri-
bution directly. Therefore, we normalized the expected num-
ber distribution by the total number of galaxies for which we
measured their redshifts successfully, following Steidel et al.
(1998, 2000, 2003).
The expected distribution in Steidel et al.’s survey in
the bottom panel of Figure 2 is empirically obtained from
the sum of 17 different fields of their spectroscopic survey.
The distribution is again normalized by the total number of
the redshifts in the SSA22 field. The shape of their empirical
distribution function of LBGs is quite different from our
expected one. This is because they used a different filter
set and applied a different color selection from those we did.
3 OBSERVER’S FRAME COMPOSITE
SPECTRUM
Using the VIMOS LBG spectra, we examine the IGM H i
fluctuation along the sight-line of the SSA22 field. The con-
tinuum S/N ratio per wavelength element in the so-called
“DA” (Depression at Lyα) wavelength range of the individ-
ual LBG spectra distributes from 1 to 8 and the median is
about 3. Thus, we adopt a stacking technique to increase the
S/N ratio. Since we are investigating the IGM, we make an
observer’s frame composite spectrum. This composite anal-
ysis also means that we will examine an average of the H i
fluctuation over the observing field. In this analysis, we re-
strict ourselves to the spectra categorized as Ae, Aa, and B
to avoid possible contamination of lower-z spectra in the cat-
egory C. In addition, we remove one object in the category
Ae (Slit #2408) because of its low S/N in the continuum
(S/N ∼ 0.2 in the DA range). Therefore, we use 77 LBG
spectra in total.
Here, we propose a new method to make an observer’s
frame composite rather than a simple sum of the spectra over
the whole wavelength coverage as done by Cucciati et al.
(2014) in order to avoid contamination of galaxies’ Lyα
emission/absorption line and many interstellar absorption
lines in the resultant composite spectrum. The intergalactic
Lyβ absorption lines also contaminate the spectrum for the
highest redshift LBGs. In order to isolate the intergalactic
H i Lyα absorption, we stack only the wavelength range be-
tween Lyα and Lyβ in the source rest-frame, the so-called
DA range. There is a small contamination of narrow absorp-
tion lines by other atoms like C, O, and so on in the IGM
at lower redshift. We neglect it because we can not identify
these lines in our low-resolution and low S/N ratio spectra.
However, this effect has been estimated to be as small as 3%
in terms of the transmission at z = 3 (Faucher-Gigue`re et al.
2008). On the other hand, some metal absorption lines in the
stellar photosphere and in the ISM of galaxies may contami-
nate in the spectral range. In the rest-frame composite spec-
tra of z ∼ 2–3 galaxies reported by Shapley et al. (2003) and
Steidel et al. (2010), we can identify S iv λ1063, N ii λ1084,
and C iii λ1178 lines between Lyα and Lyβ. Then, we define
the DA range as 1070–1170 A˚ with a narrow mask of 6.5 A˚
(= 5 pix at z ∼ 3) around 1084 A˚ in the source rest-frame to
avoid these metal lines as well as any effects of broad Lyα
and Lyβ absorption features of the emitting galaxy itself.
The final wavelength width to be used in the composite is
about 370 A˚ in the observer’s frame and about 70 pixels,
corresponding to ∆z ≈ 0.3 for H i Lyα.
3.1 Procedure to make the DA range composite
spectrum
The procedure for making the observer’s frame composite
spectrum consists of the following 3 steps:
(i) Clip out the DA range in the source rest-frame
from each one-dimensional observed spectrum without any
smoothing: fobsνDA .
(ii) Make a linear fit of the clipped-out spectrum3 and
normalize it by the fit: f˜νDA = f
obs
νDA/f
fit
νDA .
(iii) Make a median or 3-σ clipping average composite of
the normalized spectra in the observer’s frame.
3 We used all the wavelength pixels in the DA range, except for
several pixels possibly affected by N ii λ1084 absorption, for this
linear fit because the possible IGM H i absorption enhancement
would be narrow enough relative to the entire DA range and would
not affect the fit very much. Indeed, we have confirmed that the
z = 3.1 H i enhancement is robust even if we applied Nσ-clipping
to the linear fitting. For N = 0.5, 1, 2, or 3, we have found −35%,
+16%, −7%, or −3% change in the excess equivalent width, re-
spectively, which are comparable or smaller than the uncertainty
obtained by a bootstrap method.
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After making the composites, we apply a 5-pix boxcar
smoothing to the spectra. The choice of 5 pixels is based
on the spectral resolution of our VIMOS observations with
LR-Blue/OS-Blue (R ≃ 180 and pixel scale of 5.3 A˚/pix).
The 5 pixels also correspond to a scale of about 20 comov-
ing Mpc at z = 3.1 for H i Lyα. This scale is very similar
to the transverse scale of the filaments in the overdensity
structure traced by LAEs at z = 3.1 (Hayashino et al. 2004;
Yamada et al. 2012a). Therefore, we can examine a struc-
ture larger than this scale along the sight-line in the com-
posite spectrum.
The physical meaning of the normalized spectrum, f˜ν ,
is the fluctuation of the H i absorption relative to an average
one as we find from the following discussion. If we express
the IGM H i Lyα optical depth along a sight-line as
τ IGMν(z) = 〈τ
IGM
ν(z) 〉+ δτ
IGM
ν(z) , (4)
where 〈τ IGMν(z) 〉 is the cosmic mean optical depth at the red-
shift z and δτ IGMν(z) is the fluctuation relative to the mean, the
observed flux becomes
fobsν = e
−〈τIGM
ν(z) 〉e
−δτIGM
ν(z) fcontν = 〈T
IGM
ν 〉e
−δτIGM
ν(z) fcontν , (5)
where fcontν is the continuum before the IGM absorption,
and 〈T IGMν 〉 is the cosmic mean IGM transmission. If the
period of the fluctuation δτ IGMν(z) is short enough relative to
the DA range, the linear fit spectrum can be expressed as
ffitν = 〈T
IGM
ν 〉f
cont
ν , (6)
because the variation by δτ IGMν(z) is smoothed out. Therefore,
we obtain
f˜ν = e
−δτIGM
ν(z) , (7)
and
δτ IGMν(z) = − ln f˜ν (8)
3.2 Composite of sky-subtracted background
The uncertainty caused by the fluctuation of the sky-
subtracted background can be measured by making a com-
posite of the sky-subtracted background spectra. We stack
only the“DA range”of the sky-subtracted background based
on each LBG’s redshift, as follows. First, in each sky-
subtracted two-dimensional spectrum, we define 10 pixels
along the spatial direction as the background region, avoid-
ing pixels possibly including object flux. Then, we calcu-
late the sum of the background brightness, IbackνDA , of the
10 pixels for each wavelength element and scale it to the
Npix = 4 extraction so as to be equivalent to the object
spectra. Namely, the sky-subtracted background spectrum
fbackν = (Npix/10)
1/2∑10
i=1 I
back
ν . Next, we stack f
back
ν in
the almost same way as the object spectra described in the
previous subsection. However, fbackν distributes around zero
because it is the residual of the sky subtraction. The linear
fit and normalization in the step (ii) of the composite proce-
dure causes erroneously large fluctuation. Thus, we replace
the clipped-out spectrum of the step (i) with
fobs
′
νDA
= ffitνDA + f
back
νDA
. (9)
The fit spectrum ffitνDA is a linear fit of each object spectrum
within the DA range: the same one used as the normaliza-
tion in the step (ii) for the object composite. In the step (ii)
of this background composite, the replaced clipped-out spec-
trum is normalized by another linear fit function obtained
from the replaced spectrum as:
f˜νDA = f
obs′
νDA/f
fit′
νDA . (10)
The last step in the procedure is the same. We also apply a
5-pix boxcar smoothing to the resultant composite.
3.3 Monte-Carlo simulation of the composite
To estimate the fluctuation of the composite spectrum
caused by the Lyα forest (LAF) and observational errors
(i.e., background fluctuation), we perform a Monte-Carlo
simulation which generates a large number of mock observed
spectra:
fMCν = T
IGM
ν f
cont
ν + δ
back
ν , (11)
where ν is the frequency in the observer’s frame, T IGMν is the
intergalactic transmission, fcontν is the continuum spectrum
of galaxies, and δbackν is the observational error caused by
the sky-subtracted background fluctuation.
The intergalactic transmission T IGMν is generated by the
Monte-Carlo simulation model developed by Inoue & Iwata
(2008). We adopt the latest version in which the statistics of
IGM absorbers is updated (Inoue et al. 2014) although this
update does not affect the transmission in the DA range
significantly. In the simulation, we mimic our VIMOS ob-
servations as follows. The wavelength pixel scale of the ob-
servations is 5.3 A˚/pix. Since this resolution is too coarse to
resolve fine absorption lines by the LAF, we adopt ten times
finer resolution in the calculations: 0.53 A˚ which corresponds
to ≈ 0.1 A˚ in the rest-frame at z = 3. This resolution is fine
enough to give a ∼ 1% accuracy in transmission compared
to that calculated with a 0.01 A˚ resolution (Inoue & Iwata
2008). Then, we apply a smoothing with a Gaussian func-
tion whose FWHM is ∆λ = λ/R, where the resolving power
of R = 180 and a typical wavelength of λ = 5000 A˚ in our
observations. Finally, we average the resulting transmission
values for intervals of 10 pixels to match the pixel scale of
the VIMOS observations.
We note here that there is neither sight-line (i.e., red-
shift) nor spatial correlation of absorbers in our Monte-
Carlo simulation. The absorbers follow their empirical dis-
tribution function but are completely randomly located
from each other. However, the absorbers do correlate with
themselves in the real Universe (e.g., Zuo & Bond 1994;
Cristiani et al. 1995; Meiksin & Bouchet 1995; Croft et al.
1999; McDonald et al. 2000). Thus, our simulation underes-
timates the fluctuation of the IGM. On the other hand, we
still have the sensitivity to detect the real IGM fluctuation
with this random IGM simulation, examining if the resul-
tant composite spectrum has fluctuation significantly larger
than that expected from random.
The continuum fcontν in the DA range is never observed
because it is modulated by the LAF. Here we simply assume
fcontν to be constant in the DA range:
fcontνDA =
∫
∆νDA
fobsν /〈T
IGM
ν 〉dν
∆νDA
, (12)
where fobsν is the observed spectrum, 〈T
IGM
ν 〉 is a mean in-
tergalactic transmission, and ∆νDA is the frequency interval
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Figure 3. Intergalactic transmission as a function of the ab-
sorber’s redshift zα = λobs/λα − 1, where λobs is the observed
wavelength and λα = 1215.67 A˚ is the H i Lyα wavelength. The
data points with error bars are taken from the literature as shown
in the panel. The solid curve is the mean transmission obtained
from our Monte-Carlo simulation described in equation (14).
of the DA range. The mean transmission is assumed to be
〈T IGMν 〉 = e
−〈τIGM
ν
〉 , (13)
and
〈τ IGMν 〉 = 0.427
(
λ
5000
)3.7
, (14)
where the observed wavelength λ = c/ν with the speed of
light c. This mean intergalactic optical depth is obtained by
averaging the results from the Monte-Carlo simulation and
matches the observed optical depths as shown in Figure 3.
The background fluctuation δbackν is obtained from the
sky-subtracted two-dimensional spectra. As described in the
previous subsection, we identify spatially 10 pixels as the
background region in each two-dimensional spectrum. Then,
we calculate the root-mean-square (r.m.s.) spectrum of the
sky-subtracted background from the 10 pixels, which we de-
note ebackν . A typical value of e
back
ν is ≈ 28 nJy per one
spatial pixel at 5000 A˚. Then, we draw δbackν randomly from
a Gaussian distribution with the mean of 0 and the standard
deviation of
√
Npix × e
back
ν , where Npix = 4 is the number
of the spatial pixels in the object spectrum extraction.
We have generated 15,000 mock observed spectra for
each LBG. These mock spectra are processed by the same
procedure as the real observed spectra described in sec-
tion 3.1, and then, we obtain composite spectra. The distri-
bution of the composite (normalized) flux densities in each
wavelength element is well described by a Gaussian func-
tion around unity. Note that the spectra were normalized
in the composite procedure, and then, the mean should be
about unity by construction. The standard deviation of the
distribution gives us an estimate of the uncertainty at each
wavelength in the resultant composite spectrum. Figure 4
shows the breakdown of the contributions of the intergalac-
tic absorbers and the background fluctuation to the stan-
dard deviation. We find that the background contribution is
dominant.
In addition, we tried two other methods for estimating
Figure 4. The standard deviation spectrum of the 15,000 ob-
server’s frame median composite spectra generated by the Monte-
Carlo simulation (solid line). Breakdown of the contributions of
the sky-subtracted background (dotted line) and IGM fluctua-
tions (dashed line) to the standard deviation.
fcontν of equation (11): a linear continuum in the DA range
and a power-law fit at longer wavelengths and an extrap-
olation to the DA range. The resultant standard deviation
spectra were very similar to that of the constant case shown
in Figure 4. In the following, we adopt the simplest constant
DA case.
4 RESULT
We show in Figure 5 the resultant observer’s frame median
composite spectrum. We also obtain a similar result from the
3-sigma clipping average composite. The displayed range is
the wavelength where the number of LBGs used in the com-
posite is larger than 7 as shown in the bottom panel. In
the middle panel, the composite spectra are shown by the
solid line, while the sky-subtracted background composite
is shown by the dotted line. We can see larger fluctuations
in the object composite than in the background compos-
ite, indicating the reality of these features in the object
composite. The almost horizontal line around unity actu-
ally shows the mean of the 15,000 composites generated by
the Monte-Carlo simulation. The standard deviation in each
wavelength pixel of these simulated composites is shown by
the dashed lines which are well matched with the fluctua-
tion of the background composite. This is consistent with
what we have seen in Figure 4; the background fluctuation
dominates the fluctuation by random IGM absorbers.
The top panel shows the redshift distribution of the
LBGs reported by Steidel et al. (2003) and our VI08 sur-
vey. The dashed line shows the expected number for a uni-
verse where LBGs were distributed uniformly, which is es-
timated from a number-weighted average of the selection
functions of VI08 and Steidel et al. (2003) shown in Fig-
ure 2. We can find some spikes and voids in the distri-
bution and the most prominent spike is the known PC at
z = 3.1 (Steidel et al. 1998, 2000; Hayashino et al. 2004;
Matsuda et al. 2004, 2005; Yamada et al. 2012a).
Very interestingly, we can see a strong dip in the ob-
ject composite at the wavelength exactly corresponding to
the PC H i Lyα. Furthermore, some peaks and dips in the
object composite seem to correlate with voids and spikes
in the LBG redshift distribution, respectively, especially at
wavelengths longer than 4,800 A˚ or redshift z > 2.95. As
described in equation (7), the observer’s frame composite
MNRAS 000, 1–23 (2018)
8 T. Hayashino et al.
Figure 5. Observer’s frame composite spectrum of LBGs in the SSA22 field. (a) Spectroscopic redshift distribution of the LBGs whose
redshifts are categorized as Ae, Aa and B from our VI08 observation and the LBGs from Steidel et al. (2003). The dashed line is the
distribution expected when the galaxies distribute uniformly. (b) The IGM transmission relative to the mean. The dotted line is the
composite of the sky-subtracted background. The almost horizontal solid line with the intercept at 1.0 and the dashed lines indicate the
mean and ±1σ for one pixel from a Monte-Carlo simulation of the composite procedure, respectively. (c) The number of objects used
for the composite at each wavelength element.
obtained in this paper is equivalent to the IGM transmis-
sion spectrum normalized by its mean. Thus, the dip/peak
of the object composite corresponds to more/less absorption
in the IGM than the mean at that redshift.
In this paper, we focus on two sharp absorption dips
which have the minimum transmission less than 0.8, to-
gether with two sharp transparency peaks greater than 1.15
in Figure 5. All dips and peaks selected are also required to
have 10 or more sight-lines. Their redshifts are 3.10 and 3.28
for the dips as well as 2.98 and 3.24 for the peaks respec-
tively. There is another interesting absorption dip around at
z = 3.04, probably corresponding to the LBG density peak
at the same redshift. As Topping et al. (2018) discussed, this
LBG overdensity is another PC. However, the absorption dip
is shallower but wider than those selected above. Therefore,
we will defer to examine this feature until more data are
available for this.
4.1 EWs and significance of the peaks and dips in
the transmission spectrum
There is a significant fluctuation in the observer’s frame com-
posite. This is equivalent to the fluctuation relative to the
mean IGM transmission because we have normalized indi-
vidual LBG spectra during the composite procedure. The
intrinsic galaxy spectrum in the DA range which is used in
the composites is smooth enough and can not produce such
a fluctuation. To quantify the significance of the peaks and
dips against the mean IGM transmission, we define the ex-
cess equivalent width (EW) as
EWexc ≡
∑
λ1≤λ≤λ2
(f˜λ − 1)∆λ , (15)
where f˜λ is the normalized composite flux density
4, ∆λ =
5.3 A˚ is the width of the wavelength element, and λ1 and
4 f˜λ = fλ/f
cont
λ = fν/f
cont
ν = f˜ν which is the obtained compos-
ite spectrum and the IGM transmission fluctuation divided by
the mean transmission as described in equation (7),
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λ2 are the lower and upper wavelength boundaries to be
summed up as a feature, respectively. Then, let us define
two different uncertainties for EWexc based on the standard
deviation spectrum obtained by the Monte-Carlo simulation,
σMC,λ. Note that σMC,λ is non-dimensional. One is the case
without any correlation in the wavelength space:
σEWnoncor =
√ ∑
λ1≤λ≤λ2
σMC,λ2∆λ
2 . (16)
The other is the case with a complete correlation in the
wavelength space:
σEWcor =
∑
λ1≤λ≤λ2
σMC,λ∆λ . (17)
In theMonte-Carlo simulation, we have assumed neither
correlation of IGM absorbers nor correlation of the back-
ground fluctuation along wavelength (or redshift). However,
there should be a redshift correlation of IGM absorbers (e.g.,
Zuo & Bond 1994; Cristiani et al. 1995; Meiksin & Bouchet
1995; Croft et al. 1999; McDonald et al. 2000). Thus, σMC,λ
tends to underestimate the fluctuation in the real Universe.
In this sense, the former, non-correlated uncertainty, σEWnoncor
would result in an underestimation. On the other hand,
the latter, completely correlated uncertainty, σEWcor would
result in considerable overestimation when the background
noise is random and dominates σMC,λ. We do not know how
much the absorbers’ correlation enhances their contribution
in σMC,λ quantitatively, at the moment, while the contribu-
tion is minor in the no absorbers’ correlation case, as seen in
Figure 4. In summary, the real uncertainty should be brack-
eted by these extreme cases. Then, we define the two S/N
ratios for EWexc
(S/N)max =
|EWexc|
σEWnoncor
, (18)
and
(S/N)min =
|EWexc|
σEWcor
, (19)
as the maximum and minimum S/N ratios, respectively.
For the four dips and peaks in the transmission spec-
trum selected above, the significance by equation (18) and
(19) are summarized in Table 3 for each case of median and
(3-σ clipping) average composites. We have measured their
excess EWs defined by equation (15) by adopting a boot-
strap method (e.g., Press et al. 1992); before the step (iii)
in the composite procedure described in section 3.1, we in-
sert one step of random resampling of the normalized DA
spectra with duplication. Then, we repeat the process 10,000
times. In this estimation, the wavelength range of the each
dip/peak (from λ1 to λ2) is fixed to the range determined
to cover the whole structure of the dip/peak in the observed
composite shown in Figure 5. The resultant excess EWs, 1σ
errors and the wavelength ranges are summarized for the
four dips and peaks in Table 4. In the next subsection, we
investigate their dips and peaks in detail.
4.2 Prominent peaks and dips in the transmission
spectrum
4.2.1 z = 3.10 absorption dip
This absorption dip found at exactly the same redshift as
the PC in the observing field is the most significant one de-
tected (>∼ 4σ). In Figure 6, we show the spatial distribution
of the sight-lines contributing to the dip feature in the com-
posite as the cross marks. We also plot the positions of LBGs
within the redshift range corresponding to the dip feature
(3.07 < z < 3.12) taken from the catalogs by our VIMOS
survey and Steidel et al. (2003), and the surface number
density contour of LAEs at z = 3.06–3.13 by Yamada et al.
(2012a). These LAEs are selected with a narrowband filter
in Hayashino et al. (2004) and its redshift coverage exceeds
the lower redshift boundary of the dip feature, but most of
the spectroscopic redshifts of the LAEs are around z = 3.09
(Matsuda et al. 2004). The positions of the LBGs seem to
match with the LAE contour well, indicating that they are
residing in the same structure at z = 3.1. The sight-lines are
distributed over the LSPC in the Sb1 field, then, they are
probing the “intra-LSPC”medium.
Let us examine the H i absorption enhancement as a
function of the galaxy density. Although the number of sight-
lines is not very large, we have divided the sight-lines into
three subsamples depending on the LAE overdensity δLAE
reported by Yamada et al. (2012a) at the positions of the
sight-lines. Then, we have made their observer’s frame com-
posites and measured the excess EWs. In this analysis, we
have kept the same wavelength range to measure the EW
as that in Table 4. The results are summarized in Table 5.
We find a weaker excess EW for the lowest δLAE subsample.
However, it is not conclusive because the S/N remains low
due to the small number of sight-lines in the subsamples at
the moment.
4.2.2 z = 2.98 transparency peak
This transmission peak is detected with a significance level
of >∼ 3σ. Remarkably, we have no LBG within the redshift
range of the transmission peak, while the expected number
in a random distribution is 8.2, which is calculated from the
dashed line in the top panel of Figure 5. A Monte-Carlo
simulation tells us that the probability to have zero LBGs
within the redshift range of 2.96 < z < 3.00 is ∼ 0.03%.
This strongly suggests that this is a significant galaxy void.
It is remarkable that this transparency peak at z = 2.98
indicating weaker Lyα absorption corresponds to the galaxy
void besides the PC at z = 3.1. It is also important that
the Lyα absorption in this void is not zero because the IGM
optical depth would be 0.24 for a mean transmission of 0.38
at the redshift (see eqs. 4, 8 and 14), indicating that there is
substantial neutral hydrogen (or the LAF) even in a galaxy
void, which is consistent with a result obtained in the low-
z Universe (z <∼ 0.1) (Tejos et al. 2012). Figure 7 shows the
distribution of the background sight-lines.
4.2.3 Possible z = 3.24 transparency peak
As found in Table 3, this transmission peak is detected sig-
nificantly in the two (S/N)max cases, but it is less than 3σ
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Table 3. A summary of significance of the peaks and dips in the transmission spectrum.
Redshift Median Average
peak/dip (S/N)min
a (S/N)maxa (S/N)min
a (S/N)maxa
2.98 peak 2.86 (5pix) 6.64 (7pix) 4.00 (5pix) 9.31 (9pix)
3.10 dip 3.84 (5pix) 8.98 (11pix) 4.39 (5pix) 9.81 (5pix)
3.24 peak 2.91 (5pix) 6.91 (7pix) 2.73 (5pix) 6.12 (7pix)
3.29 dip 3.26 (5pix) 7.98 (7pix) 1.81 (5pix) 4.56 (9pix)
a See the definitions of equations (18) and (19). The number in the parenthesis is the integrated pixels used
in the S/N calculations.
Table 4. Properties of the peaks and dips in the transmission spectrum.
Redshift Wavelength Fiducial range Number Number Number EWexc [A˚]b
peak/dip [A˚] λ1 [A˚] λ2 [A˚] of pixels of sight-lines of LBGsa (Median) (Average) Remarks
2.98 peak 4836.5 4820.6 4863.0 9 30 0 (8.2) 4.3± 2.1 7.0± 2.0 Void
3.10 dip 4984.9 4963.7 5006.1 9 21 34 (7.1) −7.0± 2.3 −7.1± 2.0 Proto-cluster
3.24 peak 5154.5 5128.0 5175.7 10 17 2 (6.3) 6.3± 3.5 5.3± 2.6 Void?
3.29 dip 5207.5 5181.0 5234.0 11 12 12 (6.2) −7.3± 7.3 −5.5± 4.9 Overdensity?
a The number in the parenthesis is an expectation from a random distribution of galaxies.
b Excess equivalent width in the observer’s frame defined by equation (15) measured by a bootstrap method.
Figure 6. Spatial distribution of the sight-lines probing the IGM between z = 3.07 and z = 3.12 (cross marks). The circles and triangles
are the LBGs whose redshifts are measured in the VI08 and Steidel et al. (2003) surveys, respectively, and are within the redshift range.
The contour shows the surface number density map of LAEs at z = 3.06–3.13 by Yamada et al. (2012) and Hayashino et al. (2004). The
numbers along the contours indicate the density enhancement factor relative to the mean surface number density of LAEs in general fields
at z = 3.1: nLAE/〈nLAE〉. The gray dashed and dot-dashed lines show the fields-of-view of VI08 and Steidel et al. (2003) observations,
respectively. The shaded north-east part is the unavailable quadrant of VI08 (see section 2.2).
MNRAS 000, 1–23 (2018)
H i enhancement in proto-cluster 11
Table 5. Dependence of z = 3.10 IGM absorption dip on LAE overdensity and angular distance to the
nearest spectroscopic LBG.
〈d1,LBG〉
c EW restexc [A˚]
d
Subsample NSL
a 〈δLAE〉
b [arcmin] (Median) (Average)
All 21 1.19 1.98 −1.7± 0.6 −1.7± 0.5
δLAE ≥ 1 7 3.14 1.13 −2.1± 1.4 −2.3± 1.1
0.03 ≤ δLAE < 1 7 0.56 1.80 −2.2± 1.1 −2.3± 1.0
δLAE < 0.03 7 −0.12 3.00 −0.9± 0.8 −1.2± 0.8
a Number of sight-lines.
b Average of the LAE overdensities at the positions of the sight-line, where δLAE = nLAE/〈nLAE〉 − 1.
c Average angular distance to the nearest spectroscopic LBG from each sight-line.
d Rest-frame excess equivalent width defined by equation (15) measured by a bootstrap method.
Figure 7. The spatial distribution of the sight-lines between z =
2.96 and z = 3.00. The gray lines and shaded area are the same
as in Figure 6.
Figure 8. Same as Figure 7 but for the sight-lines between z =
3.22 and z = 3.26. The LBGs in the redshift range are shown by
the same symbols as in Figure 6. The FoVs are also shown as in
Figure 6.
Figure 9. Same as Figure 8 but for the sight-lines between z =
3.26 and z = 3.31.
in both the (S/N)min cases. Then, we consider this peak as a
possible detection. The number of LBGs within the feature
is 2 against an expectation of 6.3. A Monte-Carlo simulation
predicts a probability less than 5% for 2 or a smaller num-
ber of LBGs in this redshift range, and thus, it is a possible
LBG void (∼ 1.6 σ). However, we have to reserve a definite
conclusion about the reality of this peak until more data be-
come available. Figure 8 shows the distribution of the LBGs
and sight-lines.
4.2.4 Possible z = 3.28 absorption dip
This absorption dip is significantly detected in the median
composite but not in the 3-σ clipping average composite as
found in Table 3. Then, we consider this feature as a possi-
ble detection. On the other hand, there is an overdensity of
LBGs at 3.26 < z < 3.31 corresponding to the dip feature;
the number of LBGs is 12 against a random expectation
of 6.2. A Monte-Carlo simulation tells us the probability
to have more than or equal to 12 LBGs within this red-
shift range to be 2%, corresponding to a significance level
of ∼ 2σ. Figure 9 shows the spatial distribution of LBGs
which seem to cluster at the south-east quarter of the field.
Unfortunately, the IGM probing sight-lines do not distribute
inside of the LBG structure but do around it. This spatial
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displacement probably reduces the significance of the IGM
transmission feature, if real. Clearly a much larger number
of spectra is required to reveal the nature of this dip.
4.3 Cross-correlation between galaxies and H i
transmission
We consider here the cross-correlation between the H i trans-
mission spectrum and the LBG redshift distribution defined
as follows to evaluate the degree of their synchronization.
First, a spectrum expressing significance of the H i fluctua-
tion can be defined as
ǫλ ≡
f˜λ − 1
σMC,λ
, (20)
where f˜λ is the normalized composite spectrum and σMC,λ
is the standard deviation in each wavelength element esti-
mated by our Monte-Carlo simulation. Next, we define a
spectrum describing the LBG overdensity significance as
δz(λ) ≡
nobsz(λ) − n
exp
z(λ)
σLBG,z(λ)
, (21)
where nobsz(λ) and n
exp
z(λ) are, respectively, the observed and ex-
pected numbers of the LBGs in the redshift z interval corre-
sponding to the wavelength element ∆λ of the VIMOS set-
ting used in our VI08 survey, and the uncertainty σLBG,z(λ)
can be expressed as
σLBG,z(λ)
2 ≈ σobs,z(λ)
2 + σexp,z(λ)
2 , (22)
where σobs,z(λ) is given by a small number Poisson statistics
with the parameter nobsz(λ) (Gehrels 1986)
5 and σexp,z(λ) ≈√
nexp
z(λ)
as also expected by the Poisson statistics, which we
have confirmed by a Monte-Carlo simulation. Finally, we
define the cross-correlation coefficient as
ξcc ≡
1
n
n∑
i=1
ǫλiδz(λi) , (23)
where λi is the ith wavelength element and n is the to-
tal number of wavelength elements used in the calculation.
We restrict ourselves to the wavelength elements where the
number of the spectra used in the composite is equal to or
larger than 7 as in Figure 5. The resultant coefficients are
−0.218 and −0.235 for the median and average composites,
respectively.
For a comparison, we have performed an extensive
Monte-Carlo simulation of the IGM transmission and of the
LBG redshift distribution. We have 15,000 mock IGM com-
posite spectra generated by the Monte-Carlo simulation as
described in section 3.3. The simulation of the LBG redshift
5 The Poisson distribution with the parameter being a small
number is asymmetric. Gehrels (1986) gives upper and lower 84-
percentiles. Since we need a single value for σobs,z(λ), we use sim-
ple average values of the upper and lower percentiles. This choice
determines the absolute value of the overdensity significance and
the resultant cross-correlation coefficient. To evaluate the signifi-
cance of the observed cross-correlation coefficient, however, we do
not need the absolute value of the coefficients but need a relative
comparison between the observational and random ones. There-
fore, this choice does not affect our evaluation of the significance
of the cross-correlation.
Figure 10. Cumulative probability distribution to have a value of
the cross-correlation coefficient defined by equation (23) smaller
than that in the horizontal axis for the median composite case.
The solid line is the case with the combination of the Monte-Carlo
IGM transmission and the observed LBG redshift distribution,
the dashed line is the case of the combination of the observed IGM
transmission and the Monte-Carlo LBG redshift distribution, and
the dotted line is the case of the combination of both Monte-Carlo
simulations. The inset is a zoom-in around the coefficient from
the observed IGM transmission and the observed LBG redshift
distribution indicated by the downward arrow.
distribution is based on the expected redshift distribution of
the randomly distributed LBGs as shown in the top panel
of Figure 5. Since we have 171 LBG redshifts, we randomly
draw 171 redshifts from the expected function and repeat it
15,000 times. Then, we calculate the cross-correlation coef-
ficient, ξcc, from these 15,000 sets of the IGM transmission
and the LBG redshift distribution. We try three combina-
tions of them: (1) the Monte-Carlo IGM and the real LBG
redshift, (2) the real IGM composite and the Monte-Carlo
LBG redshift, and (3) both data from the Monte-Carlo simu-
lations. Figure 10 shows the cumulative probability function
to have a coefficient ξcc smaller than the value in the horizon-
tal axis for the median composite. We find that the observa-
tional coefficients noted at the end of the previous paragraph
are very rare in our Monte-Carlo simulation: < 2×10−5 and
7×10−5 for the median and average composites, respectively.
Assuming a Gaussian distribution, these values correspond
to > 4.1- and 3.8-σ excesses, respectively.
Negative values of the cross-correlation coefficient mean
an anti-correlation of the IGM transmission and the LBG
redshift distribution, namely, an enhanced (reduced) Lyα
absorption in a galaxy overdensity (underdensity). Since the
negative values of the coefficient obtained from the observed
data are extremely difficult to be explained with random
distributions of the IGM and LBGs, we conclude that the
IGM transmission significantly anti-correlates with the LBG
distribution.
From Figure 10, one can appreciate a bias towards pos-
itive values found in the combination of the observed IGM
transmission and the Monte-Carlo LBG distribution (the
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Table 6. A summary of significance of each correlation.
Redshifts median σ average σ
full z range(z = 2.46− 3.55) > 4.1 3.8
z2.98 peak(z = 2.97 − 3.00) 3.7 > 4.1
z3.10 dip(z = 3.07 − 3.12) 3.9 4.1
z3.24 peak(z = 3.22 − 3.26) 2.3 2.3
z3.28 dip(z = 3.26 − 3.31) 2.3 2.0
all z except z3.10 dip 3.1 2.8
all z except z3.10 dip & z2.98 peak 1.9 1.5
dashed line in Figure 10). This is because the observed IGM
fluctuation ǫλ and the Monte-Carlo LBG overdensity δz(λ)
are both biased towards negative values. Since we calcu-
late δz(λ) in the wavelength pixel scale of our VIMOS spec-
troscopy and the numbers of LBGs in many pixels are then
zero, resulting in negative δz(λ). In fact, the mean of δz(λ)
from the observed LBG distribution is also negative and
very similar to those from the Monte-Carlo simulation. On
the other hand, the Monte-Carlo IGM fluctuation gives a
very symmetric distribution around zero. This is the reason
why we have obtained a median value of ξcc close to zero
with the Monte-Carlo IGM in Figure 10. The observed IGM
ǫλ tends to be negative: more Lyα absorption as seen in the
previous subsections.
We summarize correlation significance for each redshift
range in Table 6. The high significance of the full redshift
range described above is recognized to be a result of strong
correlations mainly at z = 3.1 and 2.98.
5 DISCUSSION I : THE LARGE-SCALE
PROTO-CLUSTER AND SURROUNDINGS
5.1 Cosmological characteristics of the large-scale
proto-cluster
In the beginning of the discussion, we estimate the total
mass and a finding probability of the LSPC in the SSA22
field at z = 3.1, which has induced the present spectroscopic
survey, based on the LAE overdensity and an assumed bias
parameter, amplitude of galaxy overdensities versus those of
matter. Here, we precisely define the LSPC as the area in
the SSA22 Sb1 field where the local LAE number density ex-
ceeds 1.5 times the mean value of the control fields, i.e., 0.204
LAEs arcmin−2 obtained in Yamada et al. (2012a). The con-
tours expressing the LSPC area, the high density region
(HDR) of the LAE is displayed in that article. The HDR con-
tains 259 confident LAEs defined in Yamada et al. (2012a)
and 35 LABs including two gigantic ones by Steidel et al.
(2000), which would be considered to be progenitors of mas-
sive galaxies in the present Universe, as well as around
50 LAAs, a number of LBGs and K-band selected galax-
ies (Uchimoto et al. 2012). So, the HDR is becoming to be
called the “large-scale proto-cluster (LSPC)”. The FoVs of
our VIMOS survey have been set up to probe the LSPC.
The LAE number density of the LSPC is 0.58 arcmin−2,
i.e., the overdensity δ of the LAE is 1.89 ± 0.18, which
can be translated to the underlying matter overdensity of
δM = 0.99 ± 0.25, if we adopt the linear bias parame-
ter of bLAE = 1.9
+0.4
−0.5 for the LAE. This value was taken
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Figure 11. The probability distribution function (PDF) of the
dark-matter mass overdensity δDM at z = 3.1, as a result of the
cosmological evolution of the initial Gaussian mass fluctuation,
within a sphere having the radius of 27.8 comoving Mpc is shown
by the solid curve. The dot-dashed curve is the case with a radius
of 12.3 comoving Mpc for a comparison. The vertical solid line
and shaded region are, respectively, δDM and its uncertainty for
the z = 3.1 LSPC in the SSA22 field.
from Guaita et al. (2010) (see also Gawiser et al. 2007) for
z ≃ 3 LAEs and would be reasonable compared to b = 2.6
(Bielby et al. 2013) assumed in Cucciati et al. (2014) for
the LBGs at z = 3. The comoving volume of the LSPC
is 0.92 × 105Mpc3 indicating a radius of R = 27.8 cMpc
(comoving Mpc) of a corresponding spherical volume, for
which a 1-σ mass fluctuation is estimated to be σM = 0.12
at z = 3.1 from the linear growth theory of CDM mass
fluctuations with the normalization σ8 = 0.81, in the same
manner as Yamada et al. (2012a). This means the probabil-
ity of the LSPC amounts to 8.3 ± 2.1 σ, i.e., around 10−10.
Although the volume of the LSPC is very large, the effect
of the gravitational evolution such as the gravitational con-
traction of the massive structure should be taken into ac-
count to obtain the probability accurately. We evaluated
it by the method of Mawatari et al. (2012) who used the
log-normal probability distribution function (PDF) of un-
derlying mass fluctuations as a reference. In the calculation
of the PDF, the gravitational contraction of the structure
and the effect of redshift distortion, the so-called Kaiser ef-
fect (Kaiser 1987) were taken into account. We estimated
the PDF for mass fluctuations within the spherical region
with a radius of R = 27.8 cMpc at z = 3.1 (see Figure 11).
From the function, we obtain the appearance probability of
0.0023+0.0483−0.0022% for the LSPC with the mass overdensity of
δM = 0.99 ± 0.25. The probability is considerably larger
than the estimate from the simple linear growth theory de-
scribed above. It appears that the LSPC with the extremely
large total mass of ≈ 0.90× 1016M⊙ has already begun the
gravitational contraction at z = 3.1.
5.2 H i transparency peaks close by the
large-scale proto-cluster
We have detected two significant correlations between LBGs
and H i transmission with 4 σ or more at z = 3.10 and
2.98, together with two possible ones at z = 3.24 and 3.28
with about 2σ significance, in the previous section. We call
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redshift coincidences between LBG-HDR and the absorp-
tion dip in Figure 5, “Counter-Balance structure 1, CB1”
as well as the ones between the LBG low density region
(LDR) or void and transparency peak in the figure, “CB2”,
respectively. In this subsection, we discuss CB1 at z = 3.10
and CB2 at z = 2.98 having sufficient significance, qualita-
tively, and briefly mention the simultaneous appearance of
two transparency peaks at z = 2.98 and 3.24.
The CB1 is not too difficult to be understood, because
high density LBGs and their H i halos absorb photons at
the Lyα wavelength with high probabilities. H i gas proper
to the LBG cluster may also contribute to make a dip, as
suggested in Mawatari et al. (2017). On the other hand, the
CB2, the high transparency peak seen in the transmission
spectrum at the LBG void or LDR, is not so easy to be
interpreted. As the simplest interpretation, in a void/LDR,
absence or underdensity of LBGs with H i halos would cause
such transparency in H i. It is valid, if the Lyα depression
is caused mainly by LBGs and their H i halos. However,
this picture does not seem to be true. For example, we can
find LBG-LDRs without transmission peaks at z = 2.80 and
2.90 in Figure 5. For the former LDR, the number of LBGs
detected at redshifts between z = 2.79 and 2.84 is only two,
against 9.7 LBGs expected in the uniform distribution shown
by the dashed line in Figure 5 (a). A Monte-Carlo simulation
gives the probability of around 0.3% to have two or a smaller
number of LBGs in this redshift range, implying the z =
2.80 is an LBG void with ∼ 3σ significance. However, any
transparency peak is not seen at all at the redshift in the
transmission spectrum in Figure 5 (b), despite a lot of sight-
lines. The narrow LDR at z = 2.90, where one LBG is found
at 2.89 ≤ z ≤ 2.91 whose probability is estimated at 5.6% (∼
1.6σ), also exhibits no transparency peak. This could mean
that a significant fraction of HI absorption in these regions
is not directly associated to galaxy halos (e.g. Tejos et al.
2012 for a similar conclusion at low redshifts).
At redshifts lower than z = 2.8, from z = 2.75 down to
2.55, it is difficult to discuss the LBG redshift distribution
and identify voids/LDRs with sufficient significance because
the LBG detection efficiency in their redshifts is low as indi-
cated by the dashed line in Figure 5 (a). The CFHT u∗-band
used in our LBG selection to detect dropout phenomena has
a relatively long central wavelength and the lower bound of
the selection redshift becomes relatively high. On the other
hand, the VIMOS sensitivities are not too low to measure the
spectra at wavelengths between 4300 A˚ and 4600 A˚, corre-
sponding to z = 2.55–2.75 in Lyα, and the composite trans-
mission spectrum consists of a lot of sight-lines as shown
in Figure 5 (c). So, in this redshift range, we can perform
H i transmission measurements with sufficient significance.
According to the cosmological simulations such as the Mil-
lennium simulation (Springel et al. 2005), there should be
several LBG voids/LDRs with the sizes of dozens of cMpc
at redshifts between z = 2.55 and 2.75 (see also Stark et al.
2015b). We call them, which are expected at those redshifts
but difficult to be recognized in our LBG survey, potential
voids/LDRs. It is important that the observed voids/LDRs
at z = 2.80 with ∼ 3σ and z = 2.90 with ∼ 1.6σ as well
as potential ones at redshifts less than 2.75 make no trans-
parency peaks at all as seen in Figure 5 (b). Therefore, ab-
sence or underdensity of LBGs in the ordinary void itself
does not seem to cause such a prominent transparency peak
found at z = 2.98.
To understand the generation of the transparency peak
at z = 2.98, we put an attention to the structure∼ 100 cMpc
away along the line-of-sight: LSPC at z = 3.10 having large
overdensities of LBGs and LAEs studied in the previous sub-
sections. The LSPC defined in the SSA22 Sb1 field is con-
sidered to have the total mass of ≈ 0.90×1016M⊙ including
the overdensity mass of 0.45 × 1016 M⊙ (δM = 0.99) under
the assumption of a bias parameter of 1.9 for LAEs as dis-
cussed above. This extremely large overdensity will attract
the matter from the regions surrounding the LSPC, decrease
the matter density there, and accelerate the expansion of
their space by so-called “tidal force”. If some regions of the
surroundings have already been low density compared with
the mean at an early epoch as a result of the hypothesized
quantum fluctuation during the inflation, the region will ef-
fectively grow into a real void, i.e., devoid of galaxies and
H i gas, under the strong gravity of the “nearby” massive
LSPC, after the teq , the moment when the matter energy
density just exceeds the radiation one. Even if the region
did not exhibit a very low density fluctuation with a high
σ, the tidal force induced by the “nearby”massive structure
would accelerate a growth of the region into a sufficient void
with less LBGs. Such an extended space will also cause a
low LAF density on sight-line. In this way, the CB2 struc-
ture seen at z = 2.98, the LBG void associated with the
H i transparency peak, would only be formed with a help
of a nearby massive structure such as the LSPC at z = 3.1.
We can test this hypothesis by finding more extreme high-
density regions and hypothesizing that there should be voids
of type CB2 nearby these structures too.
Moreover, in the panoramic survey for seven S-Cam
FoVs, Sb1-7 in SSA22, very interestingly, more HDRs, de-
fined as the area where the local LAE number density ex-
ceeds 1.5 times of the mean of the control fields, are found in
Sb2-7 besides the LSPC in Sb1. The contours of their HDRs
are displayed in the panoramic sky map in Yamada et al.
(2012a). The total mass of these HDRs in the panoramic sur-
vey amounts to 3.2×1016M⊙ including the LSPC in Sb1, of
which the overdensity mass is estimated to be 1.5×1016M⊙
with b = 1.9 for LAEs at z = 3.1. This huge overdensity
mass will work as a source of the “tidal force” as discussed
in the following.
Here, we have to consider that these overdensity masses
obtained from the NB survey are limited to the space sliced
by the NB filter whose thickness is 58 cMpc. So, it is only a
part of the entire overdensity mass responsible to the tidal
force for the space around z = 2.98, although it is already
huge: 1.5 × 1016M⊙. We need the three-dimensional struc-
tures and overdensity map at least for the region within a
radius of 100 cMpc around the LSPC at z = 3.1. Future
wide-field spectroscopic surveys will provide the entire over-
density mass in this region to obtain the exact tidal force
and accurately calculate the expansion of the surroundings
of the LSPC.
In addition, a smaller concentration of LBGs between
z = 2.91 and 2.96 can also contribute to the local space ex-
pansion at around z = 3.00. The structure, a modest HDR
with a mean redshift of z = 2.93, has the overdensity of
δLBG = 0.5 compared with the dashed line for the uniform
distribution in Figure 5 (a), which can be converted into
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the mass overdensity of δM = 0.2 by applying bLBG = 2.6
(Bielby et al. 2013) previously used. Note that Steidel et al.
(1998) found a damped Lyα (DLA) system at z = 2.93,
suggesting the reliability of the overdensity of this modest
“HDR”. If we assume that the modest “HDR” has a spher-
ical form with a diameter of 50 cMpc corresponding to the
redshift interval of dz = 0.050 described above, the comov-
ing volume becomes 6.5× 104 cMpc3. Then, the overdensity
mass of the modest HDR with δM = 0.2 turns out to be
0.06× 1016 M⊙, which is about one-20th of the LSPC over-
density mass at z = 3.10. So, the gravity by the two sources
is almost balanced at z = 2.96, the lower redshift edge of the
z = 2.98 void. On the other hand, the gravitational force by
the LSPC dominates the other edge at z = 3.00. In this way,
the LSPC and probably associated HDRs around it should
effectively expand the space between z = 2.96 and 3.00, to
make both the LBG void and transparency peak at the red-
shift, i.e., CB2 structure.
Likewise, the transparency peak at z = 3.24 would be
induced by the LSPC at z = 3.10 together with a modest
HDR at z = 3.28 seen in Figure 5 (a), just behind the peak,
with the same mechanism of the tidal expansion as the z =
2.98 peak formation.
5.3 Extended H i halo of LBGs
Using a large sample of foreground-background galaxy pairs,
Steidel et al. (2010) revealed that LBGs have large H i halos
from the composite spectra at the rest-frame of foreground
galaxies. The H i halo extends to 0.3 properMpc (pMpc)
corresponding to 1.2 cMpc at redshift 3 and 30 arcsec in
the angular scale. For example, the rest-frame equivalent
width of the H i amounts to around 0.3 A˚ at the impact
parameter b = 0.3 pMpc. It can be said that their findings
have changed the picture of galaxies at high redshifts. For
QSO environments, Prochaska et al. (2013, 2014) presented
remarkable radial profiles of H i and metal absorption of the
circum-galactic medium of z ∼ 2 massive galaxies hosting
QSOs by using their sample of QSO pairs. Their findings
also have changed the picture of QSO environment.
Following the studies on LBG halos by Steidel et
al., Rakic et al. (2012) and Rudie et al. (2012) have found
H i “halos” which extend to surprisingly large distances of
around 2 pMpc, by using pairs of galaxy and background-
QSO. Such an extension of a single galactic “halo” is quite
strange, because 2 pMpc corresponding to 8 cMpc at red-
shift 3 is a typical scale of cluster of galaxies, i.e., it means
that each LBG has an H i “halo” of the same extension as
clusters of galaxies.
To understand the large H i “halo”, it is important to
look into the two-dimensional H i absorption map in the
transverse and sight-line distances presented by Rakic et al.
(2012) (see also Turner et al. 2014). H i at the impact pa-
rameter b < 0.13 pMpc shows the Finger-of-God, suggesting
its virial motion in a galaxy, and H i at b > 0.13 pMpc ex-
hibits the Kaiser effect (Kaiser 1987). The map indicates
that H i at b < 0.13 pMpc clearly belongs to the host LBG,
and H i at b > 0.13 pMpc can be interpreted as the falling
cool gas to the LBG as pointed out in Rakic et al. (2012,
2013). If the LBG belongs to a cluster of galaxies, the falling
cool H i would be supplied by the cluster. If it is a field
galaxy, the H i is probably supplied by the intervening cos-
mic web around the LBG. Here, it is difficult to understand
at present whether the falling H i gas is galactic medium or
intergalactic. However, the virial H i gas of b <0.13 pMpc
clearly belongs to the LBG.
The PC at z = 3.1 in the SSA22 field has a large LBG
overdensity, δ = 3 for our VIMOS survey area. Therefore,
the virial H i with b <0.13 pMpc around the LBGs, which
distribute in the cluster with a high density, may reproduce
the observed excess absorption of EW0 = −1.7 A˚. In this
case, there is no neutral hydrogen proper to the PC, which
suggests that LBGs in the cluster are in a stage of the lack
of fuel. On the other hand, there should be an H i supply to
LBGs, if the virial H i can produce only a part of EW0 of
−1.7 A˚. In a future work, we will use a Monte-Carlo method
to study whether the virialized H i around LBGs in the PC
is able to produce the observed EW0 or not, taking into
account contributions of faint LBGs.
6 DISCUSSION II : INHOMOGENEOUS
STRUCTURES ACCOMPANIED WITH
AGNS
It is generally recognized that LBG surveys using the U -
dropout method are also effective for QSO/AGN detections
at z ∼ 3, because both spectra are usually similar in respect
of the Lyman break in the U -band (Bielby et al. 2011). In
fact, we detected 4 AGNs in VI08 and Steidel et al. (2003)
also found two AGNs in this field in their z ∼ 3 LBG survey.
In addition, we identified 5 AGNs in our VIMOS survey car-
ried out in 2006, VI06. It was 0.5 magnitude shallower than
VI08 because of about half of the integration time of VI08
(Kousai 2011), and was not deep enough to detect LBGs
having UV magnitudes fainter than around 25 AB. There-
fore, we have not used VI06 data in the previous sections
dealing with LBG spectra down to 25.4 AB. VI06 was a
pilot observation for the VI08 LBG survey.
On the other hand, VI06 is deep enough to observe
AGNs with UV continuum magnitudes brighter than 24.5
AB. LBG selection criteria of VI06 were similar to those of
VI08 and both expected redshift histograms are thus sim-
ilar: about uniform but slowly changing efficiency between
z = 2.7 and 3.5 with a peak at z = 3 (see Figure 2 [a]).
In the following subsections, we discuss the nature of the
AGN distribution and its number density, especially, the re-
lation between AGN and LBG distributions at z = 3–4 in
the SSA22 field, using the AGNs from the three surveys
described above. In Table 7, we present coordinates, red-
shifts, R magnitudes, and survey names of the 11 AGNs.
We show the spectrum of an AGN from the VI06 survey
with z = 3.455 as an example in Figure 12.
6.1 Extreme overdensity of AGNs at z = 3.1
It is remarkable that there are 5 AGNs with R < 24.5 in
a narrow redshift range, z = 3.084–3.132, where the LSPC
and its envelope lie. We show the sky map of their AGNs
with large green stars in Figure 13. Three of the five AGNs
exist in the LAE density peak area.
The sky area they occupy is around 15′ × 8′, i.e.,
27 × 15 cMpc2. The redshift difference of dz = 0.05 cor-
responds to about 45 cMpc. So, the number density of the
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Table 7. List of 11 AGNs found in Steidel et al. (2003) and our VIMOS surveys.
Object RA (J2000) DEC (J2000) Redshift R [AB] Survey
z2.42 22:17:04.87 +00:09:40.38 2.42 24.53 VI08
z2.50 22:18:31.36 +00:20:22.67 2.503 25.24 VI06
z3.084 22:17:36.51 +00:16:22.9 3.084 21.61 Steidel et al.
z3.091 22:17:16.23 +00:17:44.88 3.100 24.32 VI06
z3.104 22:17:09.62 +00:18:01.04 3.112 24.41 VI06
z3.112 22:17:12.60 +00:29:02.76 3.110 23.82 VI08
z3.132 22:17:06.75 +00:26:41.27 3.132 23.99 VI08
z3.353 22:17:22.26 +00:16:40.41 3.353 21.23 Steidel et al., VI06
z3.425 22:18:04.14 +00:19:46.88 3.425 24.62 VI08
z3.455 22:17:51.34 +00:20:36.66 3.455 22.87 VI06
z3.795 22:17:05.37 +00:15:14.25 3.801 22.01 VI06
Figure 12. One-dimensional spectrum of the AGN at z = 3.455.
The Lyman limit system is seen at z = 3.44. The grey shaded
regions indicate noisy wavelengths due to night emission lines.
The vertical dot-dashed lines indicate some emission/absorption
features.
AGN cluster is 5 AGNs/2× 104 cMpc3. On the other hand,
only 0.1 AGNs with R < 24.5 are expected in this volume
from the QSO/AGN luminosity function (LF) for z = 3.2
by Masters et al. (2012). Even if we take a comoving volume
of the entire LSPC, 1× 105 cMpc3, the expected number of
AGNs is 0.5.
It is noteworthy that about 4 AGNs with R < 24.5
are expected from their LF for our effective survey volume
of 1 × 106 cMpc3, i.e., z = 2.7–4.0 × 322 arcmin2. This is
consistent with our three AGNs of R < 24.5 detected at
z = 2.7–4.0 with the LBG selection criteria, except for the
LSPC redshift. The extreme AGN concentration probably
caused by the LSPC is a very interesting phenomenon to
be intensively studied, in conjunction with overdensities of
LBGs, LAEs, LABs and other kinds of objects in this field.
We also plot 6 z = 3.1 AGNs fainter than R = 24.5
from Micheva, Iwata, & Inoue (2017) with small stars in
Figure 13. It is very interesting that the 11 AGNs in total
form a filamentary structure along the LAE density peak.
This structure at z = 3.1 could indicate important char-
acteristics and dynamics on the formation mechanism and
activities of AGNs. Future studies of the relation between
the LSPC and AGNs as well as LBGs, LAEs, LABs, and so
on, will offer us new insights on structure formation in the
early Universe.
In contrast to our SSA22 survey, for example
Bielby et al. (2011), in which about 1000 LBGs are identi-
fied in 10 times larger volume than ours, finds no remarkable
AGN concentrations as well as high density peaks of LBGs
like the z = 3.1 LSPC.
In the following sections, we discuss the other 4 AGNs
found behind the LSPC in the SSA22 field, apart from z =
3.1. Especially, correlations between AGNs and LBGs are
considered.
6.2 “Sheet-like” structure of LBGs with an AGN
at z = 3.353
The AGN at z = 3.353 is detected and spectroscopically
measured by both Steidel et al. (2003) and VI06. The AGN
has a DLA at z = 2.93 (Steidel et al. 2003). In a viewpoint
of AGN-LBG correlation, we take notice of a modest LBG
concentration consisting of 20 LBGs at z = 3.28–3.37 around
the AGN’s redshift in Figure 5 (a). We show the sky map of
these LBGs in Figure 14. Interestingly, the LBGs, except for
the east-most one, form a filamentary structure in the red-
shift slice of z = 3.28–3.37, which extends along the north-
south direction. The AGN lies at the center of the filament.
Although the LBG redshift distribution for the entire FoV
of 322 arcmin2 in Figure 5 (a) may not show a strong evi-
dence for an “LBG HDR”, the filamentary structure shown
in Figure 14 supports the reality of the LBG high density.
Redshifts of the LBGs in the filament distribute almost
uniformly between z = 3.28 and 3.36, therefore the filamen-
tary HDR in the two-dimensional sky map may be inter-
preted to be a sheet-like structure in the three-dimensional
space having a narrow gap at z = 3.33–3.34 (see Fig-
ure 5 [a]). In addition, Mawatari et al. (2016) reported a
DLA at z = 3.335 probably associated with this sheet-like
structure, further enhancing the reality of the structure.
We discuss the overdensity and appearance probabil-
ity of the HDR. The “sheet-like” HDR would be considered
to have a mean width of 7 arcmin (13 cMpc) and a length
of 27 arcmin (50 cMpc) in the sky plane represented in Fig-
ure 14, as well as the thickness of 75 cMpc corresponding to
the redshift interval of the 19 LBGs, dz = 3.370 − 3.283 =
0.087. Thus, the comoving volume of the “sheet-like” HDR
is 5×104 cMpc3, in which 6.0 LBGs brighter than R = 25.4
AB are expected when LBGs distribute uniformly, as the
dashed line shows in Figure 5 (a). In this way, the HDR has
a number overdensity δLBG = 2.2 ± 0.7, which results in a
mass overdensity δM = 0.83± 0.28 when the bias parameter
of b = 2.6 (Bielby et al. 2013) for LBGs is employed. On the
other hand, the 1σ fluctuation of the dark matter for this
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Figure 13. Sky distribution of 11 AGNs at z = 3.084–3.132. Large green stars are the AGNs with R < 24.5, and small green stars are
ones with R > 24.5. The contours, gray lines and shaded area are the same as in Figure 6.
volume at z = 3.33 is estimated to be 0.124, according to
the formula described in Yamada et al. (2012a). Then, this
LBG HDR associated with the AGN at z = 3.353 is a rare
event with the appearance probability of 7± 2σ.
6.3 Pair of AGNs around a dense H i cluster at
z = 3.453
We detected a pairwise AGN at z = 3.455 and 3.425 with an
angular distance of about 3 arcmin, whose spectra are shown
in Figures 12 and 15 respectively. The former is a Type I
AGN with R = 22.87, and the latter is a Type II AGN with
R = 24.62, whose spectrum is very similar to the composite
one for narrow-line AGNs in Hainline et al. (2011). We ex-
press the redshift of the pair with z = 3.455. The pair AGN
does not seem to have any clusters of LBGs with the R-band
magnitudes brighter than 25.4 AB around their redshifts in
Figure 5 (a), although the detection efficiency for the LBGs
is not so high at the redshifts. So, the AGNs may be inter-
preted as field objects independent of galaxy clustering. If
our targets of the VI08 survey were only“objects” like galax-
ies in the ordinary survey, the pair would be misidentified
as an isolated one in space. However, our survey can exam-
ine neutral hydrogen gas besides “objects”, as discussed in
the previous sections. So, we investigate H i absorption dips
around the pair of AGNs imprinted in DA ranges of spectra
of background objects. Especially here, we search for H i gas
clustering in the area within an angular radius of 10 arcmin
from the center of the pair, which corresponds to 20 cMpc
at z = 3.455, a typical size of the PC at high redshifts.
In Figure 16, we show the sky map of the pair AGN
together with sight-line positions of 10 background objects
having redshifts of z = 3.63–4.03, whose DA ranges cover
Lyα at z = 3.425–3.455. There are 5 sight-lines forming a
“cluster”with a diameter of about 8 arcmin in the south part
of the pair (the squares enclosing crosses in Figure 16). We
have made a composite spectrum of the 5 sight-lines and
show the result in Figure 17, which clearly shows a deep
absorption dip with the rest-frame EW of about −5 A˚ at
5415 A˚, corresponding to z = 3.453, if Lyα absorption is as-
sumed. In contrast, the composite of the remaining 5 sight-
lines shows no dips at the redshift as seen in Figure 17.
Two of the 5 sight-lines in the “cluster of sight-lines” have
very deep absorption dips like sub-DLA/Lyman limit sys-
tems (LLSs) at z = 3.453. Also the other 3 sight-lines have
considerably significant dips at the redshift, indicating the
dense H i gas at z = 3.453 extends over the entire 5 sight-
line area with a diameter of at least 8 arcmin. We call the
area a dense H i cluster (DHC).
Interestingly, the spectrum of the z = 3.455 AGN seems
to have an LLS at 4050 A˚, i.e., z = 3.441 in Figure 12,
indicating that there is plenty of H i gas also around the
AGN. Therefore, the DHC found in the composite spectrum
would not only cover the 5 sight-lines but also extend to
cover the sight-line towards the z = 3.455 AGN. Here, we
notice a slight difference between the Type-II AGN redshift,
z = 3.425 and the composite dip one, z = 3.453 in Figure 17.
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Figure 14. Sky distribution of 20 LBGs at z = 3.28–3.37. The green circles and triangles are the LBGs detected in the VI08 and Steidel
et al. (2003) surveys, respectively. The numbers near the symbols indicate the redshift. The AGN at z = 3.353 is shown by the star
symbol and the DLA at z = 3.335 is shown by the cross. The gray lines and shaded area are the same as in Figure 6.
Figure 15. One-dimensional spectrum of the AGN at z = 3.425,
which shows narrow emission lines. The gray shaded regions in-
dicate noisy wavelengths due to night emission lines. The vertical
dot-dashed lines indicate some emission/absorption features.
However, the nearest sight-line from the z = 3.425 AGN ex-
hibits a considerable absorption feature down to z = 3.40
including the AGN redshift as shown by the blue dashed
line in Figure 17, although the statistical significance is not
high enough. Thus, the DHC has an angular diameter of at
least about 10 arcmin and would have a three-dimensional
structure extending to lower redshift around a sky position
of the z = 3.425 AGN to include both AGNs as its members.
If the DHC spans the area of a 10 arcmin (or 20 cMpc)
diameter (roughly 1/3 of the entire observing field) and the
redshift range of z = 3.420–3.470, the expected number of
the R < 25.4 AB LBGs is 1.3 against no LBG in the area.
Therefore, the pair AGN does not correlate with any LBG
HDR. Nevertheless, it seems to be strongly associated with
the DHC of a 20 cMpc scale. Such a relation is very inter-
esting, even strange, and may be a new type of AGN-matter
correlation. The rich H i gas in the 20 cMpc scale cluster
should contribute to pair AGN generation and keeping their
activities. Mechanism to feed the fuel to the AGNs proba-
bly having the super-massive black-holes (SMBHs), in the
DHC of a 20 cMpc scale, should be intensively studied and
revealed.
In the three-dimensional LBG distribution of
Bielby et al. (2011), a small fraction of AGNs seems
to exist in LBG LDRs or voids. It usually means that their
AGNs are isolated in space, i.e., field objects. However,
they may exhibit some correlations with dense H i gas, as
discussed above for the SSA22 field. Surveys for them are
important and interesting to understand mechanisms of
formation and activity of AGNs.
Comparing the present result in this subsection with the
work by Cucciati et al. (2014) is interesting. They found a
very deep H i absorption dip of a rest-frame EW of −10.8 A˚
with the comoving volume of 13 × 15 × 17 cMpc3 at z =
2.895 in the COSMOS field through the VIMOS Ultra-Deep
Survey (VUDS). Its size is similar to that of our DHC, about
20× 20× 40 cMpc3. Also, its rest-frame EW is comparable
with our −5 A˚. The great disparity is the counterpart. The
absorption dip from Cucciati et al. (2014) is associated with
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Figure 16. Sky distribution of 10 sight-lines (cross marks) in the plane at z = 3.455. The 5 sight-lines showing H i absorption enhancement
are indicated by the square enclosing crosses. The Type-I (Type-II) AGN at z = 3.455 (3.425) is shown by the filled (open) blue star.
The circles indicate the positions of LBGs at 3.40 < z < 3.60 with their redshifts and one green filled circle is an LBG in the redshift
range of the H i absorption enhancement. The gray lines and shaded area are the same as in Figure 6.
Figure 17. Observer’s frame composite spectrum of the LBGs
behind of the pair AGN at z = 3.455. The solid histogram shows
the median composite of the 5 background LBGs south of the
pair AGN (those indicated by the square enclosing crosses in
Figure 16). The composite spectrum of the other 5 background
LBGs in Figure 16 is shown by the dot-dashed histogram. The
dashed histogram shows the normalized DA spectrum of the near-
est sight-line to the Type-II AGN. The two vertical gray ticks
show the redshifts of the AGNs.
a large LBG overdensity of δLBG ∼ 12. However, our deep
H i absorption dip does not show such an overdensity peak
of LBGs as a counterpart in the present statistics.
We stress that the number density of LBGs is very
large compared to AGNs, i.e., the comoving density of the
LBGs with R < 25.4 is about 60 times larger than that
of the AGNs with R < 25.4 from their LFs at z ∼ 3.5
(Masters et al. 2012). In spite of such popular objects, any
LBGs with R < 25.4 are not yet detected in the DHC which
was found triggered by the presence of the pair of AGNs.
As discussed in this paper, the DHCs, the regions showing
strong H i absorption dips in the composite spectrum, have a
tendency to show significant correlations with LBG overden-
sities, as the LSPC at z = 3.1 for the H i absorption dip at
the same redshift and the overdensity of LBGs at z = 3.26 -
3.31 discussed in subsection 4.2.4 for the H i dip at z = 3.28
in the SSA22 field, together with the LBG sharp peak found
at z = 2.895 in the COSMOS field described above.
In contrast to those DHCs with LBG HDRs, the DHC
we found at z = 3.453 has no counterpart LBG overdensity
in the present statistics, as mentioned above. It would be
exceptional and may suggest peculiar characteristics of this
cluster, i.e., the DHC of a 20 cMpc scale discovered at z =
3.453 may possess some mechanisms or an extraordinary
structure to preferentially generate AGNs but restrict the
LBG formation.
Here, it is noteworthy that in the composite spectrum
of the 5 sight-lines in the south of the pair AGN, we could
not find any significant absorption by C ii (1334.53 A˚) as
well as Si iv (1393.76 and 1402.77 A˚) associated with the
z = 3.453 DHC, although the spectral resolution of R = 180
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Figure 18. Sky distribution of 8 LBGs (green dots) at z = 3.69–
3.80 which form a bump in redshift distribution shown in Fig-
ure 2 (a). The red cross indicates the sky position of the sight-line
of the LBG at z = 4.03, which is the most distant object in the
present survey. The blue star shows the AGN at z = 3.801. The
gray lines and shaded area are the same as in Figure 6.
is not high enough to put stringent limit on metal enrich-
ment. On the other hand, Cucciati et al. (2014) reported a
significant detection of Si iv absorption associated with their
DHC having a sharp LBG peak at z = 2.895 in their VI-
MOS survey with a similar spectral resolution of R = 230
as ours. Unfortunately, other metal absorption such as Si ii
(1260.42 A˚), O i (1302.17 A˚), and Si ii (1304.37A˚) associ-
ated with the DHC at z = 3.453 can not be investigated in
our spectroscopic analysis with the low spectral resolution
of R = 180, because these wavelengths fall in rather wide
masked ranges affected by night emission lines indicated by
the grey shades in Figure 12 and so on.
It would be very interesting to clarify whether the z =
3.453 DHC has less metals or not. Deep spectroscopic survey
for LBGs and dense H i gas as well as metals with higher
spectral resolution than the present study is strongly desired
to confirm the underdensity of LBGs in this region and to
investigate the metal abundance of the DHC. If the metal-
poor or even metal-free nature in the DHC has been proved
in such a survey, the H i cluster will be recognized as a
candidate for primordial space survived at z ∼ 3.5 (e.g.,
Fumagalli, O’Meara & Prochaska 2011).
6.4 LBG concentration at z = 3.69–3.80 associated
with an AGN and H i absorbers
We can see an LBG bump consisting of 8 LBGs at z = 3.69–
3.80 in the redshift distribution of Figure 2 (a). We show
their sky map in Figure 18, where the AGN detected at
z = 3.801 in VI06 is also plotted with the blue star symbol
and a sight-line of the LBG found in VI08 at z = 4.03 is indi-
cated by the red cross symbol. Seven out of the 8 LBGs seem
to be localized in a belt-like/filamentary structure which ex-
tends from west to east with a mean width of about 8 arcmin
(16 cMpc) and a length of about 20 arcmin (40 cMpc). We
call the filamentary area a candidate HDR.
Although the statistics is insufficient, we try to discuss
Figure 19. One-dimensional spectrum of the AGN at z = 3.801.
The LLS is seen at 4255 A˚ (z = 3.67). The gray shaded regions in-
dicate noisy wavelengths due to night emission lines. The vertical
dot-dashed lines indicate some emission/absorption features.
the overdensity and appearance probability of this HDR.
The thickness of this candidate HDR is estimated to be
about 85 cMpc from the redshift interval of the 7 LBGs,
dz = 3.69 − 3.80 = 0.11. Thus, the comoving volume of the
candidate HDR is 5.5 × 104 cMpc3. When LBGs distribute
uniformly in this volume, we obtain the expected number
of 2.4, assuming the selection function of the dashed line
in Figure 5 (a). Therefore, the HDR has a number over-
density δLBG = 1.9 ± 1.1, which results in a mass overden-
sity δM = 0.73 ± 0.42, when the bias parameter b = 2.6
(Bielby et al. 2013; Cucciati et al. 2014) is assumed for the
LBGs. The 1σ fluctuation of the dark matter for this vol-
ume at z = 3.75 is estimated to be 0.13, by using the for-
mula in Yamada et al. (2012a). Thus, the candidate HDR
at z = 3.7–3.8 is also a rare event with 6± 3σ.
It is interesting that the AGN with z = 3.801 found
in VI06 exists in the envelope region of the candidate HDR
as shown in Figure 18. We show the spectrum of the AGN
with R = 22 AB in Figure 19. Interestingly, we can find a
probable LLS at z = 3.67, because of a continuum trough at
wavelengths shorter than 4255 A˚. The following interpreta-
tion will be possible, i.e., the candidate HDR has dense H i
gas also in its envelope region and the sight-line of the AGN
penetrates the H i rich region having the column density of
about 1018 cm−2 to make an LLS.
Unlike the cases of the LSPC at z = 3.1 and the DHC
at z = 3.453 associated with the pair AGN, there is only
one LBG behind the candidate HDR at z = 3.75. There-
fore, the composite method in this paper is not practical to
investigate H i absorption of the LBG HDR. However, for-
tunately, a sight-line of the bright LBG of R = 24.57 AB
at z = 4.03 found in the present survey, penetrates the en-
velope region of the candidate HDR as seen in Figure 18.
We show the spectrum of the LBG in Figure 20, which has
two remarkable deep absorption dips at z = 3.69 and 3.81,
if Lyα absorption is assumed. Their rest-frame equivalent
widths are −6 A˚ and −8 A˚ respectively, indicating clusters
of high column density H i clouds like sub-DLA/LLS.
Although the candidate HDR at z = 3.75 includes only
7 LBGs, it has a z = 3.801 AGN with a z = 3.67 LLS and
two deep H i absorption dips at the HDR redshifts in the
spectrum of a background LBG, in its surrounding area. We
can expect the reality of the structure. Future surveys will
reveal the interesting characteristics of this HDR.
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Figure 20. One-dimensional spectrum of the LBG with the high-
est redshift z = 4.03 in this survey. The gray shaded regions indi-
cate noisy wavelengths due to night emission lines. The vertical
dot-dashed lines indicate some emission/absorption features.
7 SUMMARY AND CONCLUDING REMARKS
The SSA22 field has a large-scale structure of the LAEs with
a comoving volume of around 105Mpc3 at z = 3.1. The
structure contains, besides 259 confident LAEs, 35 LABs in-
cluding two gigantic ones discovered by Steidel et al. (2000),
which would be progenitors of the present massive galaxies,
as well as hundreds of LBGs, about 50 LAAs, and a num-
ber of K-band selected galaxies. So, the structure should be
called the “large-scale proto-cluster (LSPC)”. For the field
we carried out a spectroscopic survey for LBGs with the
VLT VIMOS, VI08 survey, and identified 78 LBGs brighter
than R = 25.4 AB magnitude with secure spectroscopic red-
shifts between z = 2.5 and 4, and we have obtained the
redshift distribution of 171 LBGs, by combining ours with
those of Steidel et al. (2003). Also, we stacked the spectra
of our VI08 LBGs in the observer’s frame by using the so-
phisticated method developed in this paper, and obtained
the normalized composite spectrum. Analyzing these data,
we have obtained the following results;
(1) A strong H i absorption dip of rest-frame equivalent
width of −1.7 A˚ in the composite transmission spectrum
has been found at the LSPC redshift, z = 3.1. We have
also found an absorption dip at z = 3.28 with a sufficient
significance. There seems a candidate LBG high density re-
gion (HDR) at the same redshift. The combination of LBG
concentration and deep H i dip is similar to the z = 3.1
structure.
(2) We have detected a remarkable transparency peak at
z = 2.98 in the composite spectrum, at which an LBG void
is found. On the other hand, we have no such peaks at z =
2.80 and 2.89, where there are few LBGs, indicating voids
or low-density regions (LDRs) of LBGs. In general, several
voids/LDRs would be also expected at redshifts between
z = 2.55 and 2.8, where the LBG detection efficiency of
our survey decreases. However, no transparency peaks are
found at all at those redshifts in spite of the considerable
VLT/VIMOS sensitivities for the Lyα forest. It would mean
that absence of or less LBGs in the ordinary void itself can
not cause such a prominent transparency peak found at z =
2.98. The large mass of the 100 cMpc away LSPC at z = 3.10
would contribute to the transparency peak formation by the
“tidal force”. Such speculative and qualitative considerations
are given in Discussion I in section 5.
In the present LBG survey, VI08, we detected four
AGNs with R < 24.6 and Steidel et al. (2003) also found
two AGNs in this field. In addition, we identified five AGNs
in our VIMOS survey carried out in 2006, VI06. These 11
AGNs listed in Table 7 distribute in the redshift range of
2.4 < z < 3.8. In Discussion II in section 6, we have also in-
vestigated inhomogeneous structures in large scales accom-
panied with the AGNs at redshifts between 3.1 and 3.8, and
the following interesting results were obtained.
(3) The LSPC at z = 3.1 in SSA22 shows an extremely
high concentration of AGNs, i.e., there exist 5 AGNs with
R < 24.5 at redshifts between z = 3.084-3.132, where only
0.5 AGNs are expected from the QSO/AGN LF for z ∼ 3.2
by Masters et al. (2012). In addition to them, 6 AGNs with
R > 24.5 are found at the LSPC redshift. These 11 AGNs
in total at z ∼ 3.1 exhibit filamentary structure along the
LAE density peak.
(4) We have found two LBG HDRs associated with
AGNs at z = 3.353 and 3.801, respectively. The former
HDR consists of 19 LBGs and the z = 3.353 AGN shows
a “sheet-like” structure with the appearance probability of
7± 2σ, indicating a very rare event. The other consists of 7
LBGs at redshifts between 3.69 and 3.801 together with the
z = 3.801 AGN seems to form filamentary structure. The
appearance probability of this LBG HDR is estimated to be
6±3σ, which also implies a rare event, although the statistics
is insufficient. The HDR at z = 3.75 including only 7 LBGs,
however, has an AGN with a z = 3.67 LLS of the column
density of about 1018 cm−2, and two deep H i absorption
dips at the HDR redshifts in the spectrum of a background
LBG, in its surrounding area. We can expect the reality of
the structure.
(5) Near the pair AGN at z = 3.455, we found out a
20 cMpc scale dense H i cluster (DHC) by detecting a deep
dip at 5415 A˚ corresponding to z = 3.453, if Lyα absorp-
tion is assumed, in the composite spectrum of 5 background
LBGs with the angular distances less than 10 arcmin from
the center of the pair AGN. Also the spectrum of the AGN
at z = 3.455 seems to have an LLS at 4050 A˚, i.e., z = 3.44,
and the spectrum of the nearest sight-line from the part-
ner AGN at z = 3.425 shows an absorption feature down
to z = 3.40 including the AGN redshift, indicating that
the DHC includes the pair AGN. Nevertheless, not only the
DHC does not associate with any LBG HDR but also there
is no LBG around it, in the present statistics, implying a
possible underdensity of the LBGs there. If the presence of
LBG LDR/void is proven by future observations, the DHC
will become a strange cluster showing peculiar character-
istics, which preferentially generates AGNs but suppresses
LBG formation. Such a region should be intensively studied.
If the DHC shows less metal absorption or absence of it in
a deep spectroscopic survey with high spectral resolution in
future, the H i cluster could become a candidate primordial
space survived at z = 3.45.
As discussed so far, the SSA22 field has been found to
possess a lot of characteristic structures at several successive
redshifts, z = 3.35, z = 3.45 and z = 3.75, in addition to the
LSPC well established at z = 3.1. Each structure has a very
rare appearance probability in the present small statistics.
If the inhomogeneous structures at z > 3.3 are confirmed
with better statistics in future spectroscopic surveys, as the
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z = 3.1 LSPC has already been, the SSA22 field will become
one of the key regions to test cosmology beyond the standard
ΛCDM model, because the simultaneous appearance of such
multiple large-σ events including the LSPC at z = 3.1 over a
comoving Gpc scale would be unlikely in the standard struc-
ture formation scenario based on the gravitational evolution
of quantum fluctuation at the inflation epoch.
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APPENDIX A: REDSHIFT CATALOG OF LBGS
IN THE SSA22 FIELD
Table A.1 is the catalog of LBGs whose redshifts are deter-
mined by our VLT/VIMOS observations. If u∗ magnitudes
are fainter than 1-σ magnitude (27.8 AB), we list the value
as upper limits of brightness. These tables are published only
in the on-line version.
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Table A1. Redshift catalog of LBGs in VIMOS 2008 observations.
RA DEC u∗ B V Rc i′ z′
Slit ID (J2000) (J2000) zsys Category [AB] [AB] [AB] [AB] [AB] [AB]
1102 116487 22:18:05.97 0:23:14.67 2.921 Ae 26.13 25.29 24.78 24.75 24.61 24.73
1109 104357 22:17:42.58 0:20:54.73 3.168 Ae 26.16 24.90 23.98 24.13 24.01 24.03
1111 100623 22:17:37.14 0:20:04.63 2.732 Ae 26.47 25.76 25.11 25.19 24.96 24.87
1114 99220 22:18:04.14 0:19:46.88 3.418 Ae 27.50 26.21 24.91 24.62 24.36 24.48
1117 96352 22:18:04.33 0:19:17.08 3.013 Ae 26.85 25.67 25.13 25.05 24.98 25.08
...
MNRAS 000, 1–23 (2018)
